A cascade of signal transduction events is initiated when cells make contact with each other or with a substrate. The nature of these signal transduction pathways is beginning to be elucidated. In particular, adhesive interactions between cells and their substrate, mediated by cell-surface integrins and extracellular matrix proteins, appears to activate the MAP kinase pathway. Here we show that in mouse ®broblasts and rat epithelial cells, tyrosine phosphorylation of a 62 kilodalton rasGAP-associated protein (GAPa-p62) is decreased upon cell-substrate interaction. Interaction between ®broblasts and various extracellular matrices such as ®bronectin, vitronectin and collagen IV, but not laminin, results in tyrosine dephosphorylation of GAPa-p62. Cellsubstrate mediated tyrosine dephosphorylation of GAPap62 is defective in transformed cell lines, suggesting a possible role for p62 in tumorigenic transformation. These studies suggest that in ®broblasts, and perhaps even in epithelial cells, the signal transduction pathway(s) triggered by dierent integrin engagement events converge on the rasGAP protein and alter the tyrosine phosphorylation and/or association of GAPa-p62.
Introduction
The growth of normal cells is limited by two types of interactions, namely cell ± cell (contact inhibition of growth) (Todaro et al., 1964) and cell-substrate (anchorage dependence of growth) (Folkman and Moscona, 1978; MacPherson and Montagnier, 1964) interactions. Transformed cells, for the most part, adhere poorly to the substratum and are mostly anchorage independent for growth (Freedman and Shin, 1974; Shin et al., 1975; reviewed in Ruoslahti and Reed, 1994) and their growth is not subject to contact inhibition (Todaro and Green, 1966) . Speci®c defects in molecules involved in adhesive interactions feature prominently in human cancer (Chan et al., 1991; Ellisen et al., 1991; Fearon et al., 1990; Groden et al., 1991; Gunthert et al., 1991; Trofatter et al., 1993; Vleminckx et al., 1991; reviewed in Giancotti and Mainiero, 1994) . In addition to cell growth, adhesive interactions are crucial for apoptosis, cell migration and gene expression (reviewed in Gumbiner, 1996; Juliano and Haskill, 1993; Ruoslahti and Reed, 1994) .
The integrated nature of such a diverse array of responses has resulted in the evolution of cross-talk between the signal transduction pathways involved in cell growth regulation and those that are inolved in cell adhesive interaction induced responses (reviewed in Clark and Brugge, 1995; Schwartz et al., 1995) . This convergence is best seen in the case of the ras-MAP kinase signal transduction pathway that has been well studied with respect to growth stimulatory signals (reviewed in Marshall, 1994) . In particular, cellsubstrate interactions between extracellular matrix (ECM) and cell surface integrins appear to activate the MAP kinase pathway (Chen et al., 1994; KapronBras et al., 1993; Morino et al., 1995; Zhu and Assoian, 1995) by promoting the interaction between GRB2 and the focal adhesion protein-tyrosine kinase (FAK) (Schleapfer et al., 1994 ; reviewed in Schwartz et al., 1995) . Surprisingly, however, integrin mediated activation of the Raf-MEK-MAP kinase pathway appears to occur in a ras-independent manner (Chen et al., 1996) . In addition, ECM interactions with integrins trigger the activation of calcium¯uxes (Miyauchi et al., 1991) , Na + /H + anti-port activity (Banga et al., 1986) , signaling pathways that control tyrosine kinases and the Rho family of small GTPbinding proteins (reviewed in Clark and Brugge, 1995; Parsons, 1996; Richardson and Parsons, 1995) and serves to further underscore the importance of cell adhesion in the regulation of cell function.
Since the original identi®cation of GTPase activating proteins (GAP) as negative regulators of small Gproteins such as ras (Trahey and McCormick, 1987) , there is indirect evidence that rasGAP may also serve as an eector of ras (reviewed in Macara et al., 1996; Marshall, 1996) . Furthermore, growing evidence suggests that rasGAP may have other functions besides those mentioned above and it is possible that ras-GAP by itself, or in association with other proteins, may play as yet unidenti®ed roles in cellular processes (reviewed in Bernards, 1995) . One such role for rasGAP appears to be in mediating changes in cell shape and adhesion (McGlade et al., 1993; reviewed in Clark and Brugge, 1995) primarily via proteins that are associated with it. With regard to GAP-associated proteins, rasGAP speci®cally associates with at least two proteins known as p190 and p62 Moran et al., 1990; reviewed in Marshall, 1995; Pronk and Bos, 1994) . rasGAP-associated p190 (GAPa-p190) can bind guanine nucleotides directly and is a GTPase activating protein for the small G-protein, rho (Foster et al., 1994) . GAPa-p190 has been implicated in growth-factor mediated changes in cell shape and adhesion (McGlade et al., 1993) . rasGAP-associated p62 (GAPa-p62) has no known physiological function, but has previously been identi®ed as the major substrate for tyrosine phosphorylation in cells transformed by tyrosine kinase oncogenes . It is also the major protein whose tyrosine dephosphorylation coincides with transformation suppression of ras and mos-transformed cells by radicicol (Zhao et al., 1995) . However, the association of GAP with p62 or p190 does not appear to regulate ras activity (Pronk et al., 1993) . Thus it is likely that GAP and its associated proteins have novel functions unrelated to ras. The role(s) these complexes play in regulating cell function are not understood at the present time.
To better understand the role of rasGAP in cell adhesive interactions we have examined the eects of these interactions on rasGAP and its associated protein p62. We report here that adhesive interactions in ®broblasts and epithelial cells cause the tyrosine dephosphorylation and/or dissociation from rasGAP of GAPa-p62 and suggests a role for this protein in integrin mediated signal transduction pathways that are triggered by cell-substrate interactions in normal cells. Adhesion dependent tyrosine dephosphorylation of GAPa-p62 was defective in transformed cells.
Results

GAPa-p62 is tyrosine dephosphorylated by cell-substrate but not by cell ± cell interactions
To examine the role of rasGAP-associated proteins in cell-substrate contact, NIH3T3 ®broblasts were plated on tissue culture treated plastic (to promote adhesion) or untreated bacteriological dishes, which were rocked gently (to keep cells in suspension). After various periods of incubation, cells were collected, rasGAP protein was immunoprecipitated and the phosphotyrosine content of rasGAP and co-precipitated proteins was determined by immunoblotting with an antiphosphotyrosine antibody (Figure 1a ). GAPa-p62 was heavily tyrosine phosphorylated in cells in suspension ( Figure 1a , top panel; lanes 5, 7 ± 11), but when cells attached to the substrate the tyrosine phosphorylated band at 62 kilodalton (kDa) rapidly decreased ( Figure  1a , top panel; lanes 4 ± 1). Since the vast majority of tyrosine phosphorylated intracellular p62 is asociated with rasGAP (Filvaro et al., 1992; Zhao et al., 1995) the observed loss of signal most probably represents tyrosine dephosphorylation of p62 and simultaneous dissociation of dephosphorylated p62 from rasGAP (refered to hereafter simply as tyrosine dephosphorylation of GAPa-p62). There was no evidence of tyrosine phosphorylation of rasGAP under these conditions. In addition, the expression of rasGAP protein itself was not signi®cantly altered, as evidenced by reprobing of the ®lters with antirasGAP antibody (Figure 1a , bottom panel). To determine whether cell ± cell interactions played any role in this response, tyrosine phosphorylation of GAPa-p62 was examined in NIH3T3 cells plated at dierent densities, under adherent or suspension conditions (Figure 1b ; top panel). GAPa-p62 was immunoprecipitated from equivalent amounts of cell lysates from adherent cells (Figure 1b , lanes 1 ± 5) or cells cultured in suspension (Figure 1b , lanes 6 ± 7). The attachment-induced changes in GAPa-p62 tyrosine phosphorylation were independent of cell density ( Figure 1b , top panel; lanes 1 ± 5), but were totally dependent on the state of attachment of cells ( Figure  1b , top panel; compare lanes 1 and 6 with lanes 5 and 7). As before ( Figure 1a ) the level of the rasGAP protein itself was fairly constant under the dierent experimental conditions (Figure 1b, bottom panel) . From these results it is concluded that tyrosine dephosphorylation of GAPa-p62 is induced by cellsubstrate contact, but not by cell ± cell contact.
Epithelial cells also contain a GAPa-p62 that is tyrosine phosphorylated in suspension cells but not in adherent cells
Since NIH3T3 ®broblasts exhibited changes in GAPap62 upon attachment to the substrate, studies were undertaken to determine whether this was a more generalized phenomenon that extended to non-fibroblastic cells. To this end, attachment induced changes in GAPa-p62 were compared in NIH3T3 ®broblasts and an epithelial cell line, NRK-52E ( Figure 1c ). As demonstrated previously ( Figure 1a ) the tyrosine dephosphorylation of GAPa-p62 was dependent on attachment of NIH3T3 ®broblasts to the substrate ( Figure 1c ; lanes 1 ± 3) and remained unaected so long as cells remained in suspension (Figure 1c ; lanes 3 ± 5). Similar experiments with epithelial cells revealed the presence of multiple GAPa-p62 proteins as evidenced by band heterogeneity (Figure 1c ; lane 7). The observed heterogeneity may result from dierential tyrosine phosphorylation of GAPa-p62 but this remains to be investigated. The kinetics of adhesiondependent tyrosine phosphorylation of GAPa-p62 in epithelial cells was very dierent from that observed in ®broblastic cells (Figure 1c ; lanes 7 ± 11 compared to lanes 1 ± 5). By contrast to their ®broblastic counterparts, tyrosine phosphorylation of GAPa-p62 was highly regulated in epithelial cells and was apparent only after cells had been in suspension for 4 h ( Figure  1c ; lanes 7 ± 9). From these results it is concluded that epithelial cells contain a GAPa-p62 that is tyrosine phosphorylated in suspension cells in a highly regulated fashion.
Cell-substrate dependent tyrosine dephosphorylation of GAPa-p62 is mediated by ®bronectin-integrin interactions Published data suggest that the cell response to substrate binding is, at least in part, mediated through cell surface integrin binding to extracellular matrix (e.g. ®bronectin) (reviewed in Schwartz et al., 1995) . Given that GAPa-p62 was tyrosine dephosphorylated in response to cell-substrate interactions (Figure 1a) , we examined the eect of ®bronectin-integrin interactions on GAPa-p62 tyrosine dephosphorylation. Cells plated on BSA coated bacteriological dishes (maintained without rocking) dephosphorylated GAPa-p62 very slowly (Figure 2a , lanes 5 ± 7; labeled B.S.A.). The rate of tyrosine dephosphorylation of GAPa-p62 was increased signi®cantly when the bacteriological dish was coated with poly-L-lysine (Figure 2a , lanes 11 ± 13; labeled pL. C.B.D.) or when tissue culture treated dishes were used ( Figure 2a , lanes 2 ± 4; labeled T.C.). However, the most rapid response was observed when cells were plated onto ®bronectin-coated bacteriological plates ( Figure 2a , lanes 8 ± 10; labeled F.C.B.D.). A closer examination of the kinetics of tyrosine dephosphorylation of GAPa-p62 in response to ®bronectin revealed that tyrosine dephosphorylation of GAPa-p62 was complete by 15 min after plating NIH3T3 cells on ®bronectin coated bacteriological dishes ( Figure 2b , lane 6). That tyrosine dephosphorylation of GAPa-p62 was mediated by fibronectin-integrin interactions was con®rmed by demonstrating that tyrosine dephosphorylation of GAPa-p62 was speci®cally inhibited, in a dose dependent manner, by a ®bronectin derived peptide (H-Gly-Arg-Gly-AspAsn-Pro-OH), that contains the ®bronectin-integrin binding domain ( Figure 2c , lanes 1 ± 6). This peptide has previously been shown to strongly inhibit cell attachment to ®bronectin and is a weak inhibitor of cell attachment to vitronectin (Pierschbacher and Ruoslahti, 1987) . The peptide, by itself, was incapable of causing tyrosine dephosphorylation of GAPa-p62 in suspension cells (Figure 2c, lanes 7 and 12) . This suggested that receptor occupancy, in and of itself, was insucient to trigger signal transduction via the integrin pathway, but may require receptor aggregation in addition. This is in line with previous observations, which indicate that integrins mediate dierent eects upon receptor occupancy, receptor aggregation or a combination of the two (Miyamoto et al., 1995) . Fibronectin inhibitory peptide also blocked the tyrosine dephosphorylation of GAPa-p62 when cells were plated on tissue culture treated dishes (data not shown). Taken together, these results suggest that tyrosine dephosphorylation of GAPap62 is a result of ®bronectin-integrin interactions and that cells that contact a surface secrete onto it a ®bronectrin containing matrix. Tissue culture treated or poly-L-lysine coating of the dishes increases the rate at which the initial interaction occurs as compared to the interaction with untreated bacteriological dishes. Fibronectin coating bypasses the requirement for these steps, inducing a response as soon as the cells settle onto the plate. These results support the idea that GAPa-p62 is a component of the signal transduction cascade that is triggered by ®bronectin-integrin interactions. Furthermore, since previous studies have demonstrated that the RGD region of ®bronectin is speci®cally recognized by a 5 b 1 integrin (reviewed in Hynes, 1990 ) the present studies suggest that GAPa-p62 is linked to the signal transduction pathway that is triggered by this particular integrin engagement. In addition, the observation that RGD peptide blocks the tyrosine dephosphorylation of GAPa-p62 argues strongly that it is a component of ECM-integrin signal transduction cascade and rules out the in¯uence of contaminating growth factors. Dierent ECM proteins mediate cell adhesion via dierent cell surface integrins and in some cases a single ECM protein can activate dierent integrin molecules (reviewed in Schwartz et al., 1995) . Given the observation that the extracellular matrix protein ®bronectin was capable of inducing tyrosine dephosphorylation of GAPa-p62, we examined the eect of plating NIH3T3 cells on dierent extracellular matrices, to determine if signaling through dierent integrins worked through GAPa-p62 (Figure 3 ). The extracellular matrix protein, collagen IV was able to induce tyrosine dephosphorylation of GAPa-p62 by 30 min after plating of cells (Figure 3a ; lanes 7 ± 9). This response was somewhat slower than that observed when cells were plated on ®bronectin (Figure 3a ; lanes 4 ± 6). Previous studies have determined that ®bronectin mediates cell attachment primarily via a 5 b 1 and to a lesser extent via a 4 b 1 , a 3 b 1 , a V b 1 , a V b 5 . Unlike ®bronectin, collagen IV which does not contain a RGD sequence mediates cell binding principally via a 1 b 1 , a 2 b 1 and to a lesser extent via a 3 b 1 (reviewed in Hemler, 1993) . Similar experiments with other ECM proteins such as vitronectin and laminin (Figure 3b ) demonstrated that vitronectin ( Figure 3b ; lanes 4 ± 6) but not laminin ( Figure 3b ; lanes 10 ± 12) was able to induce tyrosine dephosphorylation of GAPa-p62. Vitronectin, like ®bronectin contains an RGD domain and mediates cell attachment mainly via a V b 5 , and to a lesser extent via a V b 3 and perhaps a V b 1 (reviewed in Hemler, 1993) . Laminin, on the other hand, mediates cell attachment via a 1 b 1 , a 2 b 1 , a 6 b 1 , a 7 b 1 and to a lesser extent via a 3 b 1 (reviewed in Hemler, 1993) . The observed inability of laminin to induce tyrosine dephosphorylation of GAPa-p62 is consistent with the previous demonstration that laminin, an epithelial cell speci®c ECM protein, has the unique ability to induce attachment of epithelial cells while preventing the attachment of ®broblasts (Ledbetter, 1984) . These studies indicate that dierent ECM proteins that mediate cell attachment via diverse cell surface integrin molecules are able to induce tyrosine dephosphorylation of GAPa-p62 and suggests the possibility that GAPa-p62 may be a component of the general signal transduction pathway that is triggered by integrin engagement.
Cell-substrate dependent tyrosine dephosphorylation of GAPa-p62 is defective in transformed cells
Since tumor cells dier from untransformed cells in their requirement for substrate attachment (reviewed in Giancotti and Mainiero, 1994), we examined the eect of cell-substrate interaction on the tyrosine phosphorylation of GAPa-p62 in NIH3T3 ®broblasts transformed by dierent oncogenes. It should be noted that all the transformed cell lines used in the present studies grow as adherent cells, albeit their attachment is signi®cantly reduced as compared to their nontransformed parent, NIH3T3 cells. Ras-transformed NIH3T3 cells were similar to untransformed NIH3T3 cells in that GAPa-p62 remained tyrosine phosphorylated in cells plated on bacteriological dishes ( Figure  4a , compare lanes 11 ± 14 with 1 ± 4). In sharp contrast to untransformed NIH3T3 cells, GAPa-p62 failed to tyrosine dephosphorylate when ras-transformed NIH3T3 cells were plated on tissue culture treated dishes (Figure 4a , compare lanes 8 ± 11 with lanes 4 ± 7). Similar experiments revealed that src-transformed NIH3T3 cells were also unable to tyrosine dephosphorylate GAPa-p62 upon cell-substrate inter- Samples were collected and processed as described in Figure 1a .
(b) Tyrosine dephosphorylation of GAPa-p62 on ®bronectin coated plates is a rapid event. NIH3T3 cells were plated on bacteriological dishes coated with ®bronectin (FCBD). At various times post-plating, samples were collected and processed as described in the legend to Figure 1a . (c) Fibronectin inhibitory peptides that comprise the domain of ®bronectin that interacts with its receptor, block the tyrosine dephosphorylation of GAPap62. Cells were pre-incubated (30 min at 378C) with, and plated in the indicated concentrations of the ®bronectin inhibitory peptide (for details see experimental procedure). At 15 min post-plating, samples were collected and processed as described in the legend to Figure 1a . Fibronectin inhibitory peptide also blocked GAPa-p62 dephosphorylation in NIH3T3 cells plated on tissue culture treated plates (not shown)
rasGap-associated adhesive proteins SV Sharma et al action ( Figure 4b , lanes 8 ± 11). Mos-transformed NIH3T3 cells, however, possessed a limited ability to tyrosine dephosphorylate GAPa-p62 when plated on tissue culture dishes ( Figure 4b , lanes 4 ± 7), although they were not as eective as untransformed NIH3T3 cells in this regard (compare lanes 4 ± 7 in Figure 4a and Figure 4b ). The apparent dierence in levels of tyrosine phosphorylated GAPa-p62 in the dierent cell lines is due to the fact that the numbers of cells used for each cell line was not similar. This stems in part from earlier observations (Figure 1b ) that tyrosine phosphorylation of GAPa-p62 was unaected by cell density. When cell numbers were normalized, the levels of tyrosine phosphorylated GAPa-p62 in untransformed, ras-and mos-transformed NIH3T3 cells were very similar to each other but were less than that found in src-transformed cells (data not shown). From these results we conclude that ras-and src-transformed cells fail to down-regulate the tyrosine phosphorylation of GAPa-p62 upon cell-substrate contact and in this regard may be defective in the ECM-integrin signaling pathway.
The defect of cell-substrate dependent tyrosine dephosphorylation of GAPa-p62 in ras-and srctransformed cells can be corrected by plating the cells on ®bronectin
It has long been recognized that transformed cells in culture are generally de®cient in their cell surface ®bronectin content (Hynes, 1973) . This de®ciency is, at least in part, responsible for the characteristic transformed' morphology since it can be, at least transiently, reversed by plating transformed cells on ®bronectin (Ali et al., 1977; Yamada et al., 1976) . Furthermore, this de®ciency is often regarded as contributing to the metastatic capability of tumor cells (reviewed in Giancotti and Mainiero, 1994; Hynes, 1992) . Given the observed failure of ras-and srctransformed cells to dephosphorylate GAPa-p62 upon cell-substrate contact (Figure 4a and 4b) , together with the fact that in untransformed NIH3T3 cells tyrosine dephosphorylation of GAPa-p62 was triggered by integrin-®bronectin interaction (Figure 2 ), we examined the tyrosine phosphorylation of GAPa-p62 following plating of ras-and src-transformed cells on ®bronectin coated dishes (Figure 4b and 4c) . Rastransformed cells, plated on ®bronectin, tyrosine dephosphorylated GAPa-p62 with kinetics that were very similar to those found in untransformed cells (Figure 4c , compare lanes 1 ± 3 for NIH3T3 cells, with lanes 4 ± 8 for ras-transformed cells plated on ®bronectin). Similar results were obtained when srctransformed cells were examined (Figure 4d , compare lanes 1 ± 3 for NIH3T3 cells, with lanes 4 ± 8 for srctransformed cells plated on ®bronectin), although, in the case of src-transformed cells, the tyrosine dephosphorylation was not complete, possibly as a result of the abundance of tyrosine phosphorylated GAPa-p62 in these cells (data not shown). These data indicate that the integrin signal transduction pathway is intact in transformed cells and that the observed signaling defect, in all likelihood, lies in the de®ciency of cell surface ®bronectin in transformed cells. Taken together, these results strongly implicate GAPa-p62 in the ECM-integrin signal transduction pathway. The ®ndings of these studies have led to the following conclusions: First, GAPa-p62, a protein with an as yet unknown function, appears to be involved in the signal transduction pathway that is triggered by cell-substrate adhesion in ®broblastic and epithelial cells. Second, GAPa-p62 is involved in responses induced by adhesive interactions between cells and the substrate but not by cell ± cell adhesive interactions. Third, tyrosine dephosphorylation of GAPa-p62 is triggered by diverse ECM proteins that mediate cell attachment by a variety of integrins. Fourth, transformed cells are defective in attachment induced tyrosine dephosphorylation of GAPa-p62 and this defect can be ameliorated by plating transformed cells on ®bronectin. These results suggest a role for GAPa-p62 in cell response to adhesion. There are several unanswered questions regarding the role of GAPa-p62 in cell adhesive interactions. First and foremost is whether p62 in its tyrosine dephosphorylated state remains associated with rasGAP. Previous studies have shown that the vast majority of tyrosine phosphorylated intracellular p62 is associated with rasGAP (Filvaro et al., 1992; Zhao et al., 1995) . Furthermore, interaction between GAP and p62 is dependent on tyrosine phosphorylation of p62 and occurs via the N-terminal SH2 domain of GAP . Our own studies have con®rmed that GAPa-p62 associates with the SH2 ± SH3 ± SH2 domain of GAP (data not shown). Taken together, these results suggest that dephosphorylation of GAPa-p62, following cell adhesion, most likely results in its dissociation from GAP. However, the ®nal resolution of this question will have to await the generation of antibodies directed speci®cally against GAPa-p62. Second, we do not know if phosphorylations on GAPa-p62 are single or multiple. The heterogeneous nature of the bands suggest that there are multiple phosphorylations but their determination awaits further studies.
The results of the present study suggest that GAPap62 is a component of the ECM-integrin signal transduction pathway that is triggered by cellsubstrate contact. Tyrosine dephosphorylation of GAPa-p62, is completed within 15 min after plating cells on ®bronectin (Figure 2b ) and is a very early event in the ECM-integrin mediated signal transduction cascade. The rapidity of this response is suggestive of a role for GAPa-p62 in cell attachment (which generally occurs between 10 ± 30 min) rather than cell spreading (generally occurs between 30 ± 60 min after plating). The kinetics of the response suggests that dephosphorylation of GAPa-p62 is upstream of MAP kinase activation which is maximal 1 h after plating cells on ®bronectin and is hence believed to be involved in cell spreading (Zhu and Assoian, 1995) .
The intracellular function for GAPa-p62 has not been determined. Tyrosine phosphorylation and/or association with GAP of GAPa-p62 appears to be down-regulated by adhesion of cells to the substrate. This provides a rational explanation for the observation that tyrosine phosphorylation of GAPa-p62 is directly correlated with the transforming capabilities of a variety of oncogenes such as v-fps, c-abl and v-src (De Clue et al., 1993; Koch et al., 1989; Muller et al., 1991) . In addition, previous studies have shown that GAPa-p62 is tyrosine phosphorylated in ras-and mostransformed NIH3T3 cells but not in untransformed NIH3T3 cells (Zhao et al., 1995) . Most transformed cells show a decreased ability to interact with their substrate, a feature that gives rise to their characteristic refractile morphology. This may explain why the tyrosine phosphorylation of GAPa-p62 is elevated in transformed cells, compared to their non-transformed counterparts. Our results suggest that tyrosine phosphorylation of GAPa-p62 is elevated in transformed cells due to the de®ciency of cell surface ®bronectin in these cells (Figure 4 ). De®ciencies in cell surface ®bronectin and defects in cell-surface integrins have been well documented previously in transformed cells (Hynes, 1973; reviewed in Giancotti and Mainiero, 1994) . This defect is most likely due to the combined eects of decreased biosynthesis and increased proteolytic degradation of cell surface ®bronectin in transformed cells (Olden and Yamada, 1977) . The present studies are consistent with these observations, and suggest that transformed cells have the ability to trigger tyrosine dephosphorylation of GAPa-p62 in an ECM-integrin dependent fashion but the lack of cell surface ®bronectin prevents them from signaling through this pathway. Consequently, GAPa-p62 remains tyrosine phosphorylated in these transformed cells but can be induced to dephosphorylate with kinetics that are identical to those found in normal cells if transformed cells are plated on ®bronectin (Figure 4c and d) . This ®nding further underscores the importance of GAPa-p62 in cell adhesive interactions and highlights the potential role for this molecule in generalized transformation. These ®ndings are consistent with the observation that suppression of transformation by radicicol is closely correlated with the tyrosine dephosphorylation of GAPa-p62 (Zhao et al., 1995) . It is of interest that most cell-substrate interactions described to date result in the activation of protein tyrosine kinases and lead to tyrosine phosphorylation of proteins, such as FAK, paxillin and tensin (Bockholt and Burridge, 1993; Burridge et al., 1992; Guan et al., 1991; Kornberg et al., 1992; Lipfert et al., 1992) . GAPa-p62, on the other hand, appears to be tyrosine dephosphorylated in response to cell-substrate interaction, possibly as a result of the activation of protein tyrosine phosphatases (PTPs). In this regard GAPa-p62 represents a novel class of contactregulated proteins. Two PTPs, namely CD45 and PTP1B, have been identi®ed as components of intercellular integrin mediated signaling in nonadherent neutrophils and platelets, respectively (Arroyo et al., 1994; Frangioni et al., 1993) . To date no PTP has been identi®ed that is speci®cally activated by cell-substrate interaction, although a transmembrane PTP known as LAR, has been shown to localize speci®cally to focal adhesions and together with closely related PTPs such as HPTPd and HPTPs may play a role in cell-substrate interactions (Pulido et al., 1995; Serra-Pages et al., 1995; reviewed in Streuli, 1996) . However, this class of PTPs are believed to be involved in the turnover of focal adhesions, and not in their assembly.
Tyrosine phosphorylation of GAPa-p62 and/or its association with rasGAP, may have at least two possible consequences. First, these associations and phosphorylations might serve to regulate the activity of rasGAP. Alternatively, rasGAP may serve as a recruitment mechanism for this protein to the appropriate intracellular site as observed in the case of GRB2/SOS (Aronheim et al., 1994) , and ras/RAF proteins (Leevers et al., 1994) . It is unlikely that these associations serve to inhibit rasGAP activity, since only a minor fraction of intracellular rasGAP protein appears associated with tyrosine phosphorylated p62 (Zhao et al., 1995) . Previous studies have also demonstrated that association of GAP with p62 does not alter the activity of GAP toward ras (Pronk et al., 1993) . It is possible that association of rasGAP with p62 may result in a novel activity or substrate speci®city for the complex. This possibility remains to be tested.
These studies further demonstrate the pivotal role of rasGAP and its associated proteins in multiple signal transduction pathways. Perhaps the most intriguing ®ndings of these studies is the convergence of signal transduction pathways triggered by multiple ECMintegrin interactions on the rasGAP protein leading to tyrosine dephosphorylation GAPa-p62. Thus rasGAP may serve as a link between two important signal transduction pathways, triggered by growth factors and cell-substrate interaction, in a manner analogous to GRB2 (Schleapfer et al., 1994) . In addition these studies identify, for the ®rst time, a possible role for the GAPa-p62 in cell-substrate interaction. The biochemical details of the interactions between rasGAP and its associated protein, as well as the role these interactions play in signal transduction events triggered by adhesive interactions await further studies. Furthermore, the connection between tyrosine phosphorylation and transformation remains unclear and the only way to address this issue is to directly interfere with p62 function in ras-and src-transformed cells. Recent resports describing the cloning of GAPa-p62 (Carpino et al., 1997; Yamanashi and Baltimore, 1997) suggest that this will be possible in the very near future.
Materials and methods
Cell lines, antibodies, extracellular matrix proteins and peptides NIH3T3, RAS-3T3 and MOS-3T3 cells were maintained as described previously (Zhao et al., 1995) . SRC-3T3 cells, were maintained in DMEM, supplemented with 10% fetal calf serum, 100 U/ml of Penicillin, 0.1 mg/ml Streptomycin (Pen/Strep, Sigma) and 200 mg/ml G418 (Geneticin, Gibco), at 378C in a humidi®ed, CO 2 incubator. The epithelial cell line NRK-52E (kindly provided by Dr Margaret Quinlan) was maintained in DMEM, supplemented with 10% fetal calf serum, 100 U/ml of Penicillin, 0.1 mg/ml Streptomycin (Pen/Strep, Sigma), at 378C in a humidi®ed, CO 2 incubator. Anti-rasGAP antibody (B4F8, Santa Cruz Biotech) and horseradish peroxidase conjugated anti-phosphotyrosine antibody (a-PY20-HRP, ICN) were used as described previously (Zhao et al., 1995) . The ®bronectin inhibitory peptide (H-Gly-Arg-Gly-Asp-AsnPro-OH; Calbiochem-Novabiochem) has been described previously (Pierschbacher and Ruoslahti, 1987) . ECM proteins, bovine ®bronectin, rat L2 yolk sac tumor tissue laminin (Calbiochem/Novabiochem); human vitronectin, collagen type IV (Collaborative Biomedical Products) were used at concentrations indicated below.
Cell-substrate and cell ± cell adhesion assays
To examine the eect of adherence of cells to the substrate, cells were plated on 100 mm 2 tissue culture treated dishes, untreated or protein coated bacteriological dishes. Bacteriological dishes were coated with either bovine ®bronectin (50 mg/100 mm dish in 3 ml PBS), rat laminin (1000 mg/ 100 mm dish in 3 ml PBS), human vitronectin (50 mg/ 100 mm dish in 3 ml PBS), collagen type IV (50 mg/ 100 mm dish in 3 ml of 0.05 N HCl), poly-lysine (100 mM in PBS) or bovine serum albumin (20 mg/ml in 3 ml of PBS) with gentle rocking for 30 min at 378C. Plates were then washed with PBS and were then used for cell culture. In the experiment shown in Figure 3c , the cells were incubated for 30 min in suspension at 378C with ®bronectin inhibitory peptide (H-Gly-Arg-Gly-Asp-AsnPro-OH; Calbiochem-Novabiochem) at the indicated concentrations, prior to plating on ®bronectin coated plates in the presence of the inhibitory peptide. To examine cell ± cell adhesion, cells were plated on tissue culture dishes at varying densities as indicated in Figure  1b . After 4 h incubation, cells were lysed and equal amounts of cell lysate (equivalent to 2610 6 cells) were used to immunoprecipitate rasGAP and its associated proteins.
Immunoprecipitations and immunoblotting
At the end of the incubation period, plates were transferred to 48C for 10 min and the cells were collected by scraping, followed by low speed centrifugation. Cells were then lysed in 1.5 ml of PBSTDS lysis buer containing 10 mM sodium phosphate, pH 7.2; 150 mM sodium chloride; 1% Triton X-100; 0.5% sodium deoxycholate; 0.1% sodium dodecyl sulfate; 0.2% sodium azide; 1 mM sodium orthovanadate; 10 mg/ml leupeptin; 10 mg/ml aprotinin; 5 mM phenylmethylsulfonyl¯uoride. Samples were placed on ice for 10 min after which the lysates were collected and clari®ed by centrifugation at 16 000 g for 30 min at 48C. To the supernatant was added 1 mg of anti-rasGAP antibody (B4F8, Santa Cruz Biotech), the immunoprecipitation was allowed to proceed for at least 12 h with gentle rocking at 48C and the immune complexes were collected on Protein-A Sepharose CL-4B (Pharmacia). Immunoprecipitates were washed successively in wash buer I (650 mM NaCl; 50 mM TRIS, pH 7.4; 5 mM EDTA), wash buer II (150 mM NaCl; 50 mM TRIS; 5 mM EDTA; 1% NP 40; 0.1% SDS), wash buer III (10 mM TRIS, pH 7.4; 0.1% NP 40). Immunoprecipitates were resuspended in Laemmli sample buer, and the proteins separated by electrophoresis on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS ± PAGE) gels (Laemmli, 1970) . In experiments where the GAPa-p62 was examined samples were analysed by 10% SDS ± PAGE and for GAPa-p30, samples were analysed by 12.5% SDS ± PAGE. Electrophoretically separated rasGAP and its associated proteins were transferred to PVDF membranes and probed with horse radish peroxidase conjugated anti-phosphotyrosine antibody (a-PY20-HRP, ICN) or anti-rasGAP antibody and visualized by chemiluminescence (ECL detection kit, Amersham) as described (Zhao et al., 1995) .
